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Abstract 
To understand the responses of phytoplankton to water level fluctuations (WLFs) in tropical conditions at high altitude, 
limnological monitoring was performed monthly in Valle de Bravo (VB) reservoir, a waterbody affected by relatively 
strong WLFs due to water scarcity in central Mexico during 2008–2009. The thermal behaviour of the reservoir was 
warm, monomictic (Nov–Feb), and water levels fell to 12 m below capacity. Observed hypolimnetic temperature 
increases in VB are considered indirect evidence of boundary mixing events, previously attributed to internal waves 
driven by strong diurnal winds along a 7 km fetch. Unusually low biomasses were observed during circulation, 
probably due to low light availability (Zeu/Zmix < 1), grazing, and relatively low temperatures (<20 °C). In contrast, 
enhanced phytoplankton biomass was observed throughout stratification, which could be explained by nutrient inputs 
to the epilimnion through boundary mixing, as previously proposed for VB, and by higher (>20 °C) temperatures. 
Dominant species were Cyclotella ocellata, Fragilaria crotonensis, Woronichinia naegeliana, and Microcystis 
wesenbergii. Nitrogen-fixing cyanobacteria (Nostocales), a recurrent problem in this reservoir, were markedly less 
abundant than during high-water periods (2002–2005), probably due to dissolved inorganic nitrogen (DIN) inputs from 
the hypolimnion. A profuse formation of heterocysts was observed at the same time that DIN and the DIN to soluble 
reactive phosphorus ratio (DIN:SRP) were low (<2 μmol L−1 and ~1 respectively), suggesting heterocyst development 
could be a complementary proxy to assess DIN limitation. Intense water level decreases in this reservoir resulted in 
increasing biomasses of planktonic diatoms and a significant decrease in noxious algae such as Nostocales, thus ame-
liorating the water quality of the reservoir. 
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Introduction
Continental aquatic ecosystems are subject to water level 
fluctuations (WLFs). Natural WLFs are mainly due to 
seasonal variation in the abundance of precipitation and/or 
in the increase of evaporative losses (Naselli-Flores and 
Barone 2005, Zohary and Ostrovsky 2011) and therefore 
are affected by weather extremes and climatic changes 
(Nõges et al. 2003, Naselli-Flores and Barone 1997, 2005, 
Wang et al. 2011). In man-made aquatic ecosystems, such 
as reservoirs, artificial WLFs are common, depending on 
their type of management and the entering river fluxes, 
which in turn are heightened by weather extremes 
(Naselli-Flores and Barone 2005). WLFs affect many lim-
nological characteristics, such as nutrient dynamics, and 
they may even change circulation–stratification patterns 
(Geraldes and Boavida 2005, Naselli-Flores and Barone 
2005, Wang et al. 2011); extreme reduction of water levels 
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may convert monomictic lakes to polymictic ones (Zohary 
and Ostrovsky 2011). Water fluctuations can be a main 
factor controlling composition, abundance, and biomass 
of the primary producers (i.e., phytoplankton) in the water 
column (Naselli-Flores and Barone 1997, Nõges et al. 
2003, Zalocar 2003, Mac Donagh et al. 2009, Wang et al. 
2011).
WLF conditions and their effect on limnological 
variables, especially phytoplankton, have a direct and 
overall impact on water quality, which is key for reservoirs 
used for drinking water supply and recreation. A decrease 
in water quality during lower water periods has been 
observed by some authors (Coops and Hosper 2002, Nõges 
et al. 2003, Arfi 2005), who attributed the declining water 
quality to the increase in nutrient availability that occurs in 
widely fluctuating aquatic systems, regardless of trophic 
state. Others have suggested using WLFs as a management 
tool for freshwater ecosystems to improve water quality 
(Geraldes and Boavida 2005, Valdespino-Castillo et al. 
2014). In this scenario, phytoplankton monitoring can be 
used as a tool to assess water quality as well as to achieve 
a better understanding of aquatic ecosystems (Crossetti 
and Bicudo 2008, Wang et. al. 2011). 
In a recent review on the current knowledge of WLFs 
and their impacts on ecosystem functioning, Zohary and 
Ostrovsky (2011) concluded that the response of aquatic 
ecosystems, particularly deep lakes, to water level fluctua-
tions is crucial to the management of water resources, and 
that this information is scarce, particularly from the 
tropics. In the present study, the changes in composition 
and biomass of the phytoplankton were explored under 
conditions of high WLFs in a deep tropical reservoir used 
intensively for drinking water supply and recreation. 
Study area
Valle de Bravo (VB) is a tropical reservoir located at a 
relatively high altitude (1830 m a.s.l.) in central Mexico 
(19°21′30″N, 100°11′00″W; Fig. 1). The surface area is 
18.55 km2, and the mean and maximum depth are 21.1 m 
and 38.6 m, respectively. The maximum length of the 
reservoir along its longer valley is 6.9 km, and the 
reservoir’s full water capacity at 1830 m a.s.l. is 391 × 106 
m3. VB is the largest reservoir of the Cutzamala System 
(composed of 5 reservoirs), which provides more than 
one-third of the water supply to the Mexico City Metro-
politan Area (Ramírez-Zierold et al. 2010). 
VB behaves as a warm monomictic lake; it is stratified 
for ~8 months (usually Mar through Oct), developing an 
anoxic hypolimnion during April that lasts 7 months, and 
it is well mixed during the cold season (~Nov through 
Feb; Olvera-Viascán et al. 1998, Merino-Ibarra et al. 
2008).
According to the Koppen classification, modified by 
García (2004) for Mexico, the dominant climate is C (w): 
temperate subhumid, with long summers in a monsoonal 
regime and pronounced dry (Oct through May) and rainy 
(Jun through Sep) seasons. Mean annual precipitation is 
836 mm, and mean annual evaporation is 1620 mm 
(Ramírez-Zierold et al. 2010). A characteristic feature of 
VB is the persistence of a strong diurnal breeze, which 
makes it the most important sailing site in Mexico. The 
wind blows strongly (mean speed 7.4 m s−1, with gusts up 
to 16.5 m s−1) from the dam (WNW; Fig. 1) to the valley 
tails from noon to sunset (Merino-Ibarra et al. 2008). 
The reservoir has evolved from oligotrophic to 
eutrophic conditions (Merino-Ibarra et al. 2008). By 2002, 
massive blooms of cyanobacteria, including nitrogen 
(N)-fixing Nostocales and Chroococcales, were frequent in 
the reservoir (Ramírez-García et al. 2002, Valeriano-Rive-
ros 2007), dominating the planktonic community of VB, 
particularly during the stratification period (Cruz y Cruz 
2007). Some of these cyanobacteria have been identified 
as potentially toxic (Microcystis spp.), and the species 
belonging to Nostocales are also potentially toxic, 
implying significant risks both for drinking and recre-
ational uses (Nandini et al. 2008). For drinking purposes, 
an average of 220.8 × 106 m3 yr−1 of water is extracted 
from the reservoir and used in the region and in Mexico 
City (Ramírez-Zierold et al. 2010). Because of recreational 
possibilities, VB has also become an important tourist 
spot, which attracts significant real estate investments.
Materials and methods
Samples and measurements were taken monthly at a 
central station (Fig. 1) from January 2008 to December 
2009. Samples were always collected after the onset of the 
strong diurnal wind (1100–1200 h) that daily stirs and 
homogenizes the mixing layer (Merino-Ibarra et al. 2008, 
Nandini et al. 2008).
Temperature, dissolved oxygen (DO), and pH were 
measured every 1 m from surface to bottom with a YSI 
6600 Multiprobe Sonde. Secchi depth transparency (SD) 
was measured with a standard Secchi disk. The conversion 
factors used to calculate the euphotic zone depth (Zeu) 
from SD were obtained by analyzing the correlation 
between SD and the depth of the trophogenic layer (Ztroph) 
determined for oxygen productivity studies in VB during 
2006–2007 (Valdespino-Castillo et al. 2014). The data fit 
better when stratification and circulation data were 
separated. The regressions between SD and Ztroph yielded 
coefficients of 4.3 for stratification (n = 8, R2 = 0.49) and 
2.6 for circulation (n = 4, R2 = 0.62), which were used to 
calculate Zeu during 2008–2009 by multiplying SD by the 
corresponding coefficient.
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Water samples for nutrient analyses were collected 
with a Niskin-type bottle at 1, 2, 4, 8, 12, 16, 20, and 24 m 
depths, where allowed by water column depth. The 
samples for the analysis of soluble reactive phosphorus 
(SRP), ammonia, nitrate plus nitrite, and soluble reactive 
silica (SRSi) were stored in 30 mL polypropylene 
containers after filtration with 0.45 and 0.22 µm (Millipore 
type HA) nitrocellulose membranes, with 2 drops of 
chloroform added to stop microbial activity, and frozen 
until analysis (within 24 to 48 h). A Skalar SanPlus seg-
mented-flow analyser was used with the standard methods 
adapted by Grasshoff et al. (1983) and the circuits 
suggested by Kirkwood (1994).
Phytoplankton samples were collected from a depth of 
4 m, which represents well the mixing layer after the onset 
of diurnal winds (Cruz y Cruz 2007) and was usually 
inside the euphotic zone. Samples were immediately fixed 
with a Lugol’s iodine solution. An Olympus IX70 inverted 
microscope was used for cell counts following the 
Utermöhl method (sample volume 10 mL, counting a 
minimum of 400 individuals for the more abundant 
species and half of the bottom surface for the biggest and 
less abundant species; Wetzel and Likens 1991). Biomass 
was estimated from species biovolume (calculated using 
at least 20 individuals), assuming unit-specific mass 
density, by geometrical approximations according to 
Wetzel and Likens (1991), Hillebrand et al. (1999), and 
Sun and Liu (2003). 
Results
During 2008–2009, VB reservoir experienced WLFs of up 
to 8 m (Fig. 2). During 2008, the reservoir level, which 
had almost reached capacity at the end of the rainy season 
of 2007, decreased sharply to a minimum of −9.8 m. The 
rainy season allowed a modest ~4 m recovery, reaching a 
maximum at 5.9 m below capacity during the circulation 
period. During 2009, an even greater WLF took place 
when the level fell to 12 m below capacity, the minimum 
level registered in VB since at least 2001. During the rainy 
season of 2009, the level rose rapidly to 4.2 m below 
capacity, similar to the minimum level during the low 
WLF of 2002–2005. 
Mean water temperature during 2008–2009 spanned 
from 17.9 °C in the hypolimnion during winter (Dec 
through Jan) to 24.4 °C in the epilimnion during summer 
(Jul and Aug). The thermal behaviour was warm 
monomictic, with circulation from November to February 
and stratification from March to October. The widest 
temperature differences between epilimnion and 
hypolimnion were observed during early stratification 
(4.4 °C in June 2008 and 3.0 °C in May 2009). A gradual 
increase in hypolimnetic temperatures was detected during 
both stratification periods (Fig. 3). In 2008, hypolimnetic 
temperature increased ~3 °C from March to September, 
and the average rate of hypolimnetic temperature increase 
was calculated at 0.52 °C per month using a linear 
Fig. 1. Location and bathymetry of the Valle de Bravo reservoir (after Merino-Ibarra et al. 2008). The black circle (S) indicates the sampling 
point. 
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Fig. 2. Water level fluctuations in VB reservoir during 2008–2009 (shaded) and the previous years. Horizontal lines show the water level 
average for the 2002–2004 (near capacity levels), 2005–2007 (low levels), and 2008–2009 (even lower levels) periods. Maximum level 
(capacity) is 1830 m a.s.l., and the reservoir bottom at the sampling station is 1802 m a.s.l. The sampling station depth (Z) is annotated for the 
beginning of the sampling period and for the 2 minima.
Fig. 3. Epilimnion and hypolimnion mean temperatures in VB reservoir during 2008 and 2009. The rate of hypolimnetic temperature increase 
(m) for each stratification was estimated by the slope of a linear regression using the months when hypolimnetic temperature increased.
Fig. 4. (a) Secchi, euphotic zone (Zeu) and mixing layer (Zmix) depths and (b) Zeu/Zmix ratio in VB reservoir during 2008 and 2009. The horizontal 
line marks the point where the euphotic and mixing layers are equal in depth.
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regression. In 2009, it increased even faster, reaching 
22 °C in September, with a calculated mean rate increase 
of 0.68 °C per month in this year, when the reservoir 
reached its lowest level in 8 years. 
Secchi disk transparency varied from ~1 m throughout 
stratification to up to 4 m during circulation. The 
estimated euphotic zone ranged from 6.7 m during strati-
fication up to 10 m during circulation (Fig. 4). The 
euphotic versus mixing depth (Zeu/Zmix) ratios ranged 
from 0.2 to 1.6, with the highest values occurring during 
the transition from circulation to stratification (Feb 
through Mar).
DO varied from supersaturated at the epilimnion surface 
(11 mg L−1, 120%) to microaerofilic (0.3–0.5 mg L−1) 
or anoxic levels (0.1 mg L−1) at the bottom. A 60–70% 
subsaturation corresponding to 3–5 mg L−1 concentrations 
characterized the water column throughout circulation. 
The pH values ranged from slightly acidic in the 
hypolimnion (6.3) to alkaline in the epilimnion (up to 9.8), 
and varied from 7.1 to 8.8 during circulation.
SRP was usually <1 μmol L−1, especially in the upper 
illuminated zone (down to 4 m), except for some specific 
peaks (>2 μmol L−1) in March and July 2008. Oxidized 
nitrogen forms (nitrates plus nitrites) were usually low 
during stratification (<5 μmol L−1) but increased consider-
ably during circulation (up to 40 μmol L−1, Feb 2009). 
Reduced dissolved inorganic nitrogen (DIN) as ammonia 
concentration was highest (up to 70 μmol L−1) in the 
hypolimnion and lowest (<1 μmol L−1) in the epilimnion. 
During circulation, ammonia had comparatively lower 
values. SRSi reached its highest values during circulation 
(Jan 2008) and decreased to 4 μmol L−1 in the epilimnion 
during June 2009 (Fig. 5). Nutrient data and nutrient ratios 
from the 0, 1, 2, and 4 m depths were averaged and plotted 
against limiting values for phytoplankton growth (based 
on Interlandi et al. 1999, Reynolds 1999, Smith and 
Bennett 1999; Fig. 6).
Phytoplankton
We observed 103 phytoplankton species during the 
survey, mainly from the families Chlorophyceae (34), 
Cyanophyceae (26), and Bacillariophyceae (13). Total 
density fluctuated between 8859 (Nov 2008) and 191,794 
cells mL−1 (Apr 2008). Cyanobacteria reached the highest 
cell densities, followed by diatoms and chlorophytes. 
Fig. 5. Depth–time distributions (µmol L−1) for soluble reactive phosphorus (SRP), dissolved inorganic nitrogen in its oxidized (nitrates [NO3−] 
plus nitrites [NO2
−]) and reduced ammonia (NH4
+) forms, and soluble reactive silica (SRSi). The reservoir bottom is shown in dark; note the 
variations due to level changes.
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Flagellates (chrysophytes, cryptophytes, euglenophytes, 
and dinoflagellates) were less abundant.
When biomass was considered, dominance changed in 
favour of the largest species. Total biomass in the 
epilimnion showed an increasing trend during stratification 
but fell during circulation (Fig. 7). The dominant 
cyanobacteria species during stratification were Woron-
ichinia naegeliana and Microcystis wesenbergii (Chroo-
coccales), followed by Snowella septentrionalis, Merismo-
pedia cf. trolleri, Aphanothece sp., and Microcystis 
aeruginosa (Fig. 8a). Species belonging to Nostocales 
maintained relatively low biomasses (Fig. 8b), although 
heterocyst numbers grew during some months of the strati-
fication. Cyclotella ocellata and Fragilaria crotonensis 
were alternatively the dominant diatoms (Fig. 9). Chloro-
phytes were the first group in terms of species richness, 
but their biomasses were comparatively low, except for 
peaks of Mougeotia sp. during stratification. Chlorococca-
les and desmids were also constantly present in VB during 
2008–2009, but always in lower numbers (Fig. 10).
Fig. 6. Temporal variation of the mean concentration in the 0–4 m layer of SRP, DIN, and SRSi, and of nutrient ratios for nitrogen:phosphorus 
(DIN:SRP), silica:phosphorus (SRSi:SRP), and silica:nitrogen (SRSi:DIN) in VB reservoir. Horizontal lines show values considered limiting 
for phytoplankton (after Interlandi et al. 1999, Reynolds 1999, Smith and Bennett 1999). 
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Fig. 7. Biomass of the main phytoplankton groups in VB during 2008–2009. 
Fig. 8. (a) Biomass of Chroococcales and (b) density (cells mL−1) of Nostocales and number of heterocysts mL−1 in VB reservoir.
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Taking into account the thermal classification based on 
depth and latitude (Lewis 1983) and adjusted for altitude, 
VB borders between warm monomictic and discontinuous 
polymictic (Merino-Ibarra et al. 2008). Nevertheless, the 
reservoir always showed monomictic behaviour during 
the low WLFs years (Monroy 2004, Ramírez-Zierold et al. 
2010). When high WLFs began in VB, the question was 
whether water level drops of around 10 m or more would 
induce polymixis, a situation that would impact the phyto-
plankton composition and abundance, and hence the water 
quality (Naselli-Flores and Barone 2005).
Thermal classification depends on temperature and 
density gradients between layers and on wind strength. In 
VB, wind varies on a daily scale but maintains a similar 
range over longer time scales (Merino-Ibarra et al. 2008); 
however, the temperature difference between epilimnion 
and hypolimnion did change from that observed in 
2002–2005 (~5 °C; Ramírez-Zierold et al. 2010), 
decreasing in 2008 (<4.4 °C) and further in 2009 
(<3.0 °C). Nevertheless, contrary to expectations, the 
reservoir always remained stratified in 2008–2009, even 
during episodes of lower water level. However, partial 
mixing is indicated by the increase in hypolimnetic 
temperature observed during 2008 and 2009 (Fig. 3), 
which implies a heat flux toward the hypolimnion that can 
only be due to the entrainment of warm epilimnetic water 
(Kalff 2002). This process has been proposed to occur in 
VB through small boundary mixing events, driven by 
internal stationary waves produced by the diurnal wind 
pattern (Monroy 2004, Merino-Ibarra et al. 2008). As part 
of this mechanism, mixing intensity is expected to 
increase as the level drops and internal waves interact 
with the bottom (Monroy 2004). The difference we found 
in the rates of temperature increase for 2008 and 2009 
supports this possibility. The warming rate increased pro-
portionally to the summer level decrease from one year to 
Discussion
Water level and limnological characteristics in 
the water column
Because VB reservoir is used both for drinking water 
supply and leisure, its water level is maintained as high as 
water demand allows. In average-to-rainy years (e.g., 
2001–2004), the reservoir generally reaches capacity by 
the end of the rainy season (Nov), and the level does not 
decrease more than 4–5 m during the summer (Fig. 2). 
Nevertheless, climatic conditions in the central region of 
Mexico (CONAGUA 2011) temporarily drifted toward a 
lower precipitation/evaporation ratio that prevented the 
complete filling of the reservoir during winter 2005. Sub-
sequently, a period of high WLFs began that intensified in 
2006 and 2008, and in 2009 a drop to 12 m below 
capacity was observed. In addition, the highest levels did 
not exceed ~1825 m a.s.l. (5 m below capacity) during 
2008–2009.
Fig. 10. Nostocales biomass during stratification in 2008–2009 
compared to the same group biomass during 2002 (data from Cruz y 
Cruz 2007), a year with a high water level in the VB reservoir.
Fig. 9. Biomass of dominant diatom species in VB reservoir during 2008 and 2009.
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the next (0.52 °C per month at −9.8 m in 2008 to 0.68 °C 
per month at −12.0 m in 2009). 
Indirect evidence of partial mixing in the reservoir, 
especially during periods of lower water levels, was 
reinforced by the observation of microaerophilic oxygen 
values in the hypolimnion. This feature was observed in 
2006 when the level dropped to 10.1 m below capacity 
(Valdespino-Castillo et al. 2014), although complete 
anoxia was expected (Wetzel 2001, Nishri et al. 2011) and 
previously found (Monroy 2004, Merino-Ibarra et al. 
2008, Ramírez-Zierold et al. 2010) due to the eutrophic 
conditions of the reservoir. Overall, these observations 
imply an increase in boundary mixing events, which 
would drive vertical flux of water, oxygen, and nutrients, 
during low WLFs in VB but without breaking stratifica-
tion. Zohary and Ostrovsky (2011) outlined the potential 
effects of boundary mixing on nutrient recycling and phy-
toplankton composition of lakes subjected to WLFs. We 
propose that these conditions could be responsible for the 
changes in the phytoplankton composition we found in 
VB (discussed later). 
Phytoplankton likely exerts an important effect over 
pH in VB because alkalinity in the reservoir is relatively 
low (1.4 meq L−1; Ramírez-Zierold et al. 2010), the 
temperature range is relatively narrow, and the reservoir 
tends to become eutrophic. The strong pH vertical gradient 
observed during stratification is likely due to the activity 
of phytoplankton biomasses in the epilimnion, where pho-
tosynthesis consumes inorganic carbon, and to organic 
matter respiration and fermentation in the hypolimnion. 
During circulation, pH stabilizes throughout the water 
column at a slightly alkaline value that is likely less 
affected by phytoplankton processes because phytoplank-
ton biomasses are much lower than during stratification. 
Phytoplankton and mixing layer
Because warm monomictic lakes and reservoirs in either 
temperate zones or high altitudes at tropical latitudes 
typically reach their highest phytoplankton biomasses 
during circulation (Wetzel 2001, Ardiles et al. 2012), it 
was unexpected that VB presented low phytoplankton 
biomasses during circulation, while stratification was 
characterized by higher, although fluctuating, biomasses 
(up to ~8 times the circulation biomasses). Moreover, it 
was also unexpected that, during 2008–2009, planktonic 
diatoms were the highest biomass group throughout strati-
fication instead of during circulation, when turbulence 
makes nutrients available in the euphotic zone (Hecky and 
Kling 1981, Reynolds et al. 1994, Ardiles et al. 2012). 
Although Cyclotella ocellata and Fragilaria crotonensis 
dominated during stratification, they were accompanied 
by chlorophytes (mainly Mougeotia sp.) and cyanobacte-
ria (Chroococcales). Such unexpected behaviour can be 
explained by the specific conditions found in VB during 
the circulation and stratification periods.
Throughout circulation, DIN was high and SRP was 
above limiting values in the euphotic zone and thus were 
probably not imposing a limitation on phytoplankton 
growth (Fig. 6); however, water levels were highest, and 
the euphotic zone (Zeu) was a fraction of the mixing layer 
at this time, reducing the light availability to phytoplank-
ton during its transit through the aphotic zone. This 
situation reversed in February 2008 (Fig. 4b), favouring 
phytoplankton growth. Colonial cyanobacteria such as 
Woronichinia naegeliana and Microcystis wesenbergii 
were also present during mixing, although their biomass 
was lower than during stratification. This permanence can 
be attributed in part to their ability to regulate flotation 
(Dokulil and Teubner 2000). Buoyancy gives these species 
a competitive advantage over planktonic diatoms during 
circulation in a system like VB, characterized by calm 
winds before noon. Additionally, temperatures <20 °C 
were less than optimal for some of the important species 
in the reservoir (e.g., Fragilaria crotonensis, Cyclotella 
ocellata, and Microcystis wesenbergii; Tilman et al. 1982, 
Dauta et al. 1990, Dokulil and Teubner 2000, Calijuri et 
al. 2002), a condition that favourably changed during 
stratification.
DIN was rapidly exhausted during stratification in the 
epilimnion, which approximately equalled the euphotic 
zone, a circumstance that ameliorated light conditions for 
phytoplankton; in addition, the temperature rose higher 
than 20 °C. Although this apparent DIN limitation could 
impose a strong control on phytoplankton growth, diatoms 
and cyanobacteria flourished, and even chlorophytes 
peeked, exhibiting a fluctuating pattern that prevented any 
successional forecasting. This seemingly contradictory 
behaviour could be attributed to the proposed boundary 
mixing events that do not break the overall stratification 
but are effective at injecting hypolimnetic water to the 
epilimnion and vice versa. The expected effect of an 
increase in epilimnetic DIN concentrations was not 
directly observed, probably because of immediate phyto-
plankton assimilation (Kalff 2002).
In VB, C. ocellata was negatively correlated with SRP, 
which agrees with previous reports on its dependence on 
higher phosphorus concentrations (Tilman et al. 1982, 
Lampert and Sommer 2007), while F. crotonensis was 
negatively correlated with silica because it is related to 
stronger silica consumption (Reynolds 2006). These char-
acteristics could explain the dominance of C. ocellata in 
2008, when SRP was generally higher during stratifica-
tion; in comparison, SRP fell in 2009, a condition that 
favoured F. crotonensis. The drought during 2009 
(CONAGUA 2011) diminished riverine silica inputs from 
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the basin to the reservoir; in turn, F. crotonensis growth 
depleted SRSi content to limiting values in July.   
Cyanobacteria also bloomed during stratification, an 
expected result when DIN values and DIN:SRP ratios are 
low (Tilman et al. 1982, Smith and Bennett 1999). Never-
theless, dominant species belonged to Chroococcales, a 
non N-fixing group, instead of Nostocales, a filamentous 
group of species readily recognizable by their ability to 
build special N-fixing cells (heterocysts). Nostocales 
dominated in the reservoir during stratification periods 
from 2002 to 2005 when WLFs were comparatively low 
but have strongly diminished since then (Fig. 10). Again, a 
seeming contradiction arises between nutrient values and 
ratios, and phytoplankton composition and biomass, 
which would be consistent with an increase in water 
exchange between epi- and hypolimnion derived from the 
proposed intensification of boundary mixing stratification 
during low water levels in VB (Merino-Ibarra et al. 2008). 
Although Nostocales were much less abundant in 
2008–2009 than in 2002, a favourable condition 
considering their frequent association with toxin production 
(Ramírez et al. 2004, Cronberg and Annadotter 2006), the 
number of heterocysts tended to peak when or after 
DIN:SRP ratios were lowest. We would advise the use of 
not only Nostocales densities or biomasses, but also 
heterocyst densities as an indicator of nitrogen limitation, 
as recognized by authors such as Ferber et al. (2004). Given 
these results, despite the observed DIN data (Fig. 6), a true 
DIN limitation may not be operating during stratification in 
VB if the proposed enhancement of boundary mixing in 
fact supplied nutrients regularly to the epilimnion. 
The growth of Chroococcales with aerotope formation 
observed during stratification can be explained by their 
adaptations to exploit light and nutrients in the epilimnion. 
They can float to the surface before the diurnal wind 
onset, can quickly take up nutrients that enter the 
epilimnion (Dokulil and Teubner 2000), and thrive in tem-
peratures well above 20 °C (Calijuri et al. 2002). The last 
2 advantages are shared with planktonic diatoms in VB, 
the group with which Chroococcales alternated during 
stratification. Among Chroococcales, W. naegeliana and 
M. wessenbergii were the dominant species. W. naegeliana 
has been associated with higher phosphorus contents (Xu 
et al. 2008), a condition found in VB during 2008. Never-
theless, as observed in VB, this colonial species has the 
capacity to liberate planocytes, individual cells for 
vegetative reproduction, a strategy that can be a pitfall by 
making it vulnerable to grazing. In comparison, M. wes-
senbergii is a colonial species readily recognized by its 
thick mucilaginous envelope, which is an effective 
protection against predation, giving it a further advantage 
when SRP is lower. Previous data (Jiménez-Contreras et 
al. 2009, Valdespino-Castillo et al. 2014) indicate that 
grazing is especially important for phytoplankton during 
circulation, hence adding pressure to the already low phy-
toplankton biomasses found in VB during this period.
Chlorophytes were the third important group in VB 
during 2008–2009, with lower biomasses except for 
Mougeotia sp., a large filamentous species belonging to 
Zygnematales that usually appears in VB around August. 
This species cannot be considered as truly planktonic 
because it is probably a tychoplanktonic species that peaks 
for a short time in open waters as an active vegetative 
spread of its life cycle (Wehr and Sheath 2003).
In summary, phytoplankton composition during 
2008–2009 exhibited some notable trends in VB. 
Planktonic diatoms, in particular, showed the unexpected 
behaviour of developing their highest biomasses not 
during the circulation period, as expected, but when the 
reservoir stratified, with optimal temperature and light but 
low apparent nutrient availability, nitrogen in particular. 
We propose this could be due to a relatively continuous 
supply of nutrients to the epilimnion through boundary 
mixing, which is indirectly sustained by observed hypo-
limnetic temperature increases, as well as microaerophilic 
oxygen values in the otherwise expected anoxic 
hypolimnion. 
Our observations also suggest that boundary mixing 
would intensify as the reservoir level falls, although strati-
fication was always maintained during 2008–2009. 
Among the phytoplankton composition changes that could 
derive from boundary mixing intensification at midyear, 
we emphasize the change in dominance of cyanobacteria 
groups from filamentous N-fixing Nostocales to non 
N-fixing Chroococcales because of the potential impact on 
drinking water and recreational uses of the reservoir. We 
therefore suggest that further research should assess the 
potential application of WLFs regulation as a potential 
management tool in reservoirs like VB, where a change in 
phytoplankton species from toxic cyanobacteria (mainly 
Nostocales) to diatoms and other nontoxic cyanobacteria 
could be favourable. Such a change could be induced by 
managing WLFs to have the lower levels occur during the 
stratification period, when cyanobacteria bloom.
Acknowledgements
We thank Karina Castro Janacua, Federico Serna Blanco, 
Arturo Alvarez, Felipe Solis, Monica Olson, Diego 
Chaparro, Abraham Vargas, and Tito Benitez for their help 
with field and lab work. We acknowledge Ann Grant and 
Marcos Merino for their review of the English of the 
manuscript. This study was accomplished with financial 
support from research projects funded by SEMARNAT-
CONACYT C01-1125 to M. Merino-Ibarra and 
UNAM-PAPIIT IN2089107-3 to J. Carmona-Jiménez.
DOI: 10.5268/IW-4.3.598
347Phytoplankton composition changes under waterlevel fluctuations
Inland Waters (2014) 4, pp. 337-348
References
Ardiles V, Alcocer J, Vilaclara G, Oseguera A, Velasco L. 2012. Diatom 
fluxes in a tropical, oligotrophic lake dominated by large-sized phy-
toplankton. Hydrobiologia. 679:77–90.
Arfi R. 2005. Seasonal ecological changes and water level variations in 
the Sélingué Reservoir (Mali, West Africa). Phys Chem Earth. 
30:432–441.
Calijuri MC, Dos Santos ACA, Jati S. 2002. Temporal changes in the 
phytoplankton community structure in tropical and eutrophic 
reservoir (Barra Bonito, S. P. Brasil). J Plankton Res. 24(7):617−634.
CONAGUA. 2011. Estadísticas del agua en México. http://www.
conagua.gob.mx/CONAGUA07/Publicaciones/Publicaciones/SGP-
1-11-EAM2011.PDF
Coops H, Hosper SH. 2002. Water-level management as a tool for the 
restoration of shallow lakes in the Netherlands. Lake Reserv Manage. 
18:292–297.
Cronberg G, Annadotter H. 2006. Manual on aquatic Cyanobacteria. 
International Society for the Study of Harmful Algae.
Crossetti LO, Bicudo CEM. 2008. Phytoplankton as a monitoring tool 
in a tropical urban shallow reservoir (Garcas Pond): the assemblage 
index application. Hydrobiologia. 610:161–173.
Cruz y Cruz I. 2007. Biomasa y composición del fitoplancton de un 
embalse tropical de altura: Valle de Bravo, México, de febrero a 
noviembre de 2002. [Phytoplankton biomass and composition of a 
high tropical reservoir: Valle de Bravo, Mexico, from February to 
November 2002] [master´s thesis]. [Ciudad de México (México)]: 
Universidad Nacional Autónoma de México, Posgrado en Ciencias 
del Mar y Limología (PCML).
Dauta A, Devaux J, Piquemal F, Boumnich L. 1990. Growth rate four 
freshwater algae in relation to light and temperatura. Hydrobiologia. 
207:221–226.
Dokulil M, Teubner K. 2000. Cyanobacterial dominance in lakes. Hi-
drobiologia. 438:1–12.
Ferber LR, Levine SN, Lini A, Livingston GP. 2004. Do cyanobacteria 
dominate in eutrophic lakes because they fix atmospheric nitrogen? 
Freshwater Biol. 49:690–708.
García E. 2004. Modificaciones al Sistema de Clasificación Climatica 
de Koppen, [Modifications to the Koppen Climate Clasification], 
Serie Libros, num. 6, Instituto de Geografia, Universidad Nacional 
Autónoma de México, Mexico.
Geraldes AM, Boavida MJ. 2005. Seasonal water level fluctuations: 
implications for reservoir limnology and management. Lake Reserv 
Res Manage. 10:59–69.
Grasshoff K, Kremling K, Ehrhardt M. 1983. Methods of seawater 
analysis. Weinheim (Germany): Verlag Chemie.
Hecky RE, Kling HJ. 1981. The phytoplankton and protozooplankton 
of the euphotic zone of Lake Tanganyika: species composition, 
biomass, chlorophyll content, and spatio-temporal distribution. 
Limnol Oceanog. 26(3):548–564.
Hillebrand H, Durselen CD, Kirschtel D, Pollingher U, Zohary T. 1999. 
Biovolume calculation for pelagic and benthic microalgae. J Phycol. 
35:403–424.
Interlandi SJ, Kilham SS, Theriot EC. 1999. Responses of phyto-
plankton to varied resource availability in large lakes of the Greater 
Yellowstone Ecosystem. Limnol Oceanogr. 44(3):668–682.
Jiménez-Contreras J, Sarma SSS, Merino-Ibarra M, Nandini S. 2009. 
Seasonal changes in the rotifer (Rotifera) diversity from a tropical 
high altitude reservoir (Valle de Bravo, Mexico). J Environ Biol. 
30(2):191–195.
Kalff J. 2002. Limnology: inland water ecosystems. Upper Saddle 
River (NJ): Prentice-Hall.
Kirkwood DS. 1994. Sanplus segmented flow analyzer and its applica-
tions. Seawater analysis. Amsterdam (Netherlands): Skalar.
Lampert W, Sommer U. 2007. Limnoecology. The ecology of lakes and 
Streams. 2nd ed. Oxford (UK): University Press Oxford. 324 p.
Lewis WM. 1983. A revised classification of lakes based on mixing. 
Can J Fish Aquat Sci. 40:1779–1787.
Mac Donagh ME, Casco MA, Claps MC. 2009. Plankton relationships 
under small water level fluctuations in a subtropical reservoir. Aquat 
Ecol. 43:371–381.
Merino-Ibarra M, Monroy-Ríos E, Vilaclara G, Castillo FS, Gallegos 
ME, Ramírez-Zierold J. 2008. Physical and chemical limnology of 
a wind-swept tropical highland reservoir. Aquat Ecol. 42(3):335–
345. 
Monroy E. 2004. Hidrología del embalse de Valle de Bravo, México 
[Hydrology of the Valle de Bravo reservoir, Mexico] [master´s 
thesis]. [Ciudad de México (México)]: Universidad Nacional 
Autónoma de México, Posgrado en Ciencias del Mar y Limología 
(PCML).
Nandini S, Merino-Ibarra M, Sarma SSS. 2008. Seasonal changes in 
the zooplankton abundances of the reservoir Valle de Bravo (State of 
Mexico, Mexico). Lake Reserv Manage. 24:321–330.
Naselli-Flores L, Barone L. 1997. Importance of water-level fluctuation 
on population dynamics of cladocerans in a hypertrophic reservoir 
(Lake Arancio, south-west Sicily, Italy). Hydrobiologia. 360:223–
232.
Naselli-Flores L, Barone R. 2005. Water-level fluctuations in Mediter-
ranean reservoirs: setting a dewatering threshold as a management 
tool to improve water quality. Hydrobiologia. 548:85–99.
Nishri A, Rimmer A, Wagner U, Rosentraub Z, Yeates P. 2011. Physical 
controls on spatial variability in decomposition of organic matter in 
Lake Kinneret, Israel. Aquat Geochem. 17:195–207.
Nõges T, Nõges P, Laugaste R. 2003. Water level as the mediator 
between climate change and phytoplankton composition in a large 
shallow temperate lake. Hydrobiologia. 506–509:257–263.
Olvera-Viascán V, Bravo-Inclán L, Sánchez-Chávez J. 1998. Aquatic 
ecology management assessment in Valle de Bravo reservoir and its 
watershed. Aquat Ecosyst Health Manag. 1(3–4):277–290. 
Ramírez P, Martínez E, Martínez MD, Eslava C. 2004. Cianobacte-
rias, microorganismos del fitoplancton y su relación con la salud 
humana [Cyanobacteria, phytoplankton microorganisms and their 
relation to human health]. In: Rosas I, Cravioto A, Ezcurra E, 
editors. Microbiología Ambiental [Environmental Microbiology]. 
Instituto Nacional de Ecología (INE-SEMARNAT). Mexico. 
83–106 p.
348
DOI: 10.5268/IW-4.3.598
María Elena Valeriano-Riveros et al.
© International Society of Limnology 2014
Ramírez-García P, Nandini S, Sarma SSS, Robles-Valderrama E, 
Cuesta I, Hurtado-Maria D. 2002. Seasonal variations of zooplankton 
abundance in the freshwater reservoir Valle de Bravo (Mexico). Hyd-
robiologia. 467:99–108.
Ramírez-Zierold J, Merino-Ibarra M, Monroy-Ríos E, Olson M, 
Castillo FS, Gallegos ME, Vilaclara G. 2010. Changing water, 
phosphorus and nitrogen budgets for Valle de Bravo reservoir, water 
supply for Mexico City Metropolitan Area. Lake Reserv Manage. 
26(1):23–34.
Reynolds CS. 1999. Non-determinism to probability, or N:P in the 
community ecology of phytoplankton: nutrient ratios. Arch 
Hydrobiol. 146(1):23–35.
Reynolds CS. 2006. The ecology of phytoplankton (ecology, biodiver-
sity and conservation). Cambridge (UK): Cambridge University 
Press. 
Reynolds CS, Descy JP, Padisák J. 1994. Are phytoplankton dynamics 
in rivers so different from those in shallow lakes? Hydrobiologia. 
289:1–7.
Smith VH, Bennett SJ. 1999. Nitrogen:phosphorus supply rations and 
phytoplankton community structure in lakes. Arch Hydrobiol. 
146:(1):37–53.
Sun J, Liu D. 2003. Geometric models for calculating cell biovolume 
and surface area for phytoplankton. J Plankton Res. 25:1331–1346.
Tilman D, Kilham SS, Kilham P. 1982. Phytoplankton community 
ecology: the role of limiting nutrients. Ann Rev Ecol Syst. 
13:349–372.
Valdespino-Castillo PM, Merino-Ibarra M, Jiménez-Contreras J, 
Castillo FS, Ramírez-Zierold JA. 2014. Community metabolism in a 
deep (stratified) tropical reservoir during a period of high water-level 
fluctuations. Environ Monit Assess. DOI: 10.1007/s10661-014-
3870-y 
Valeriano-Riveros ME. 2007. Fluctuaciones temporales del fitoplancton 
y algunos descriptores limnológicos del embalse Valle de Bravo 
durante un ciclo de ca. 30 horas en octubre de 2002. [Temporal fluc-
tuations of phytoplankton and some limnological descriptors in Valle 
de Bravo reservoir during a cycle of ~30 hours in October 2002] 
[Bachelor of Science thesis]. [Ciudad de México (México)]: 
Universidad Nacional Autónoma de México, FES-Iztacala.
Wang L, Cai Q, Xu Y, Kong L, Tan L, Zhang M. 2011. Weekly 
dynamics of phytoplankton functional groups under high water level 
fluctuations in a subtropical reservoir-bay. Aquat Ecol. 45(2):197–
212.
Wehr JD, Sheath RG. 2003. Freshwater algae of North America. San 
Diego (CA): Academic Press. 
Wetzel R. 2001. Limnology. Lake and river ecosystems. San Diego 
(CA): Academic Press.. 
Wetzel RG, Likens GE. 1991. Limnological analyses. New York (NY): 
W. B. Saunders.
Xu Y, Wu Z, Yu B, Peng X, Yu G, Wei Z, Wang G, Li R. 2008. Non-
microcystin producing Microcystis wesenbergii (Komárek) Komárek 
(Cyanobacteria) representing a main water bloom-forming species in 
Chinese waters. Environ Pollut. 156:162–167.
Zalocar YD. 2003. Effect of fluctuations in water level on phytoplank-
ton development in three lakes of the Paraná river floodplain 
(Argentina). Hydrobiologia. 510:175–193.
Zohary T, Ostrovsky I. 2011. Ecological impacts of excessive water 
level fluctuations in stratified freshwater lakes. Inland Waters. 
1:47–59.
